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Sustainable development ensures that the welfare of future generations will not worsen as measured by the availability of visible and invisible resources. From this viewpoint, fossil fuels are not a reliable energy source to achieve sustainable social development for at least two reasons. First, the over-exploitation of nonrenewable fossil fuels reduces their availability for unborn generations. Second, a huge amount of greenhouse gas (GHG) emissions emitted from the use of fossil fuels will speed up the global climate shift and increase the occurrence of extreme climate events (Grashuis 2019) . Searching for renewable and low-carbon energy sources thus becomes an important issue in modern society.
Various renewable energy sources are qualified candidates and have been utilised in many countries and regions (Li et al. 2019 ). Among these alternatives, bioenergy is attractive in China as there is a substantial amount of labour and cropland that can be transferred to the bioenergy industry. However, before China launches a large-scale bioenergy program, information on the selection of energy crops and bioenergy techniques, potential changes in cultivation patterns, government subsidies, and environmental consequences should be obtained. To investigate subsequent environmental and economic impacts, this study selects Jiangxi province, an agriculture-intensive province, as a study area. https://doi.org/10.17221/201/2019-AGRICECON Ethanol is a common form of bioenergy (Grashuis 2019 ) that has been considered as an effective approach to combat climate change, but whether it can be considered low-carbon energy and results in net emissions reduction depends on production processes (Bridgwater and Peacocke 2000; Karmee 2018) . Previous studies focus on important issues, such as: (i) energy conversion rates of crops (Tso and Su 2009 ); (ii) production of ethanol under various conditions (Chen et al. 2011); (iii) the relationship between government subsidies and land-use change (Cao et al. 2017 ); (iv) bioenergy induced GHG consequences (McCarl and Schneider 2000) ; and (v) biofuel production from crop residuals (Doshi et al. 2014; Braden and Bai 2018) , but they are rarely analysed simultaneously. To fill those gaps, we propose a price-endogenous partial-equilibrium model to evaluate renewable energy production and emissions offsets under crop and technique competition, as well as their influences on cropland utilisation and government subsidies in response to changes of energy and emissions prices.
Specifically, we examine the following issues: (i) ethanol production from selected energy crops; (ii) ethanol production from associated crop wastes; (iii) impacts of carbon sequestration under market operation; (iv) influences of market factors on biofuel industry promotion; (v) changes in the use of production inputs.
This work makes following contributions. First, the study indicates the competition of energy crops among bioenergy techniques. With such information the decision-makers would be able to determine the most efficient support policy on energy crop plantation. Second, the emission consequences under various bioenergy production patterns are analysed. The results point out the influences of market power so that the government could determine whether to involve or not when the market is highly distorted. Third, the capital requirement of bioenergy development is examined and the changes in possible agricultural practice, market operations, and emission offsets are also compared. The government would be able to design or reform agricultural, environmental, and renewable energy policies to optimize the overall economic, social, and environmental effects.
LITERATURE REVIEW
Utilisation of renewable energy can enhance a nation's energy security, protect the environment, and stimulate future development (Arvizu 2008; Cao et al. 2017) . Bioenergy has the capacity to meet such needs and has been studied intensively in the United States, Brazil, and Europe for decades (Couto et al. 2015; Qambrani et al. 2017) . Daniel et al. (2007) predicted that the cumulative displacement of oil from 2007 to 2030 could be up to 10.48 billion barrels, and the USD 629 billion could be saved, and many studies also indicate such benefits can be captured by other countries (Grashuis 2019) .
The unintended environmental consequences of biofuels, such as increased COR 2 R emissions due to deforestation and sudden major shifts in land use must be justified. To evaluate such problems, lifecycle analysis is considered to be an effective approach. McCarl and Schneider (2000) show that the ability of conventional bioenergy on carbon sequestration is uncertain, and thus studies do highlight the need for a comprehensive analysis of the aggregate effects (Chen et al. 2011; Cao et al. 2017) .
Additionally, conventional biofuel is produced from agricultural commodities such as corn, soybean, and sweet potatoes (Hall and Dale 2011) . Under the consideration of food-to-energy competition, biofuel technology is also evolving. Arvizu (2008) mentioned that second-generation biofuels have higher potential to reduce carbon emissions than first-generation biofuel technologies. Although this study points out that because the challenge to the US in reducing dependence on foreign oil is too great to abandon first-generation technology and the second-generation biofuel technologies may not be highly competitive in recent years, it is very likely to be profitable when various wastes can be utilised (Liu et al. 2017; Karmee 2018) .
MATERIAL AND METHODS

Theoretical foundation of sectoral analysis.
The sectoral analysis model is originally proposed by Samuelson (1950) who shows that the equilibrium in the perfect competition market can be derived from the optimisation model. Since bioenergy production is highly dependent on agricultural activities, it is necessary to explore the market equilibrium of agricultural markets. However, finding the equilibrium of the agricultural sector can be complex because agricultural activities generally involve multiple producers, various cultivars, different land qualities, and even international trades.
It is also unsurprising that the government have price support policy, import quota limit and tariffs in agricultural markets. Therefore, to find the equilibrium of the agricultural market, effects form international trades must be incorporated. Figure 1 Specification of spatial equilibrium model. Following Samuelson (1950) , Takayama and Judge (1971) established a mathematical programming model on a spatial model. McCarl and Spreen (1980) pointed out that this model is useful in policy analysis, especially in its property of price endogeneity.
To maximize total welfare these components should be accommodated into the nonlinear programming formulation. The inverse demand curves of commodity i is expressed as ψ(Q i ) while the inverse supply curves of production inputs such as land and resource available in k region are expressed as α k (L k ) and β k (R k ), respectively. Other inputs engaged in production processes are available at per-unit cost C ik , and the resulted expenses can be described as the sum of unit price C ik times total activity X ik for every commodity i planted in region k, or mathematically
Since government intervention is observed, we then formulate the support policy
to reflect policies. Finally, if the CO 2 emission reduction can be officially traded in some markets, biofuel production results in addition benefits from carbon trading, which can be expressed as
for every greenhouse gas g.
By accommodating all influences together, the objective function is then formulated as in Equation (1). Subject to: Suppose there is a small and closed economy, the domestic equilibrium price (P e ) can be determined by the supply curve SS' and the demand curve DD' . In an open economy where the imports and exports exist, the international commodity price (P m ) is then determined by the domestic excess demand and the excess supply from other countries. Suppose the government have two tariffs t 1 and t 2 , where t 1 < t 2 , the new equilibrium will shift downward to E' , thereby increasing the total welfare by the area of ABE'E Source: Cao et al. (2017)  
-inverse excess export supply curve for i th product; TRQ i -import quantity exceeding the quota for i th product; EXED(TRQ i ) -inverse excess demand curve of i th product that the import quantity is exceeding quota; tax i -import tariff for i th product; outtax i -out-of-quota tariff for i th product; Y ik -per hectare yield of i th commodity produced in k th region; E gik -g th greenhouse gas emissions from i th product in k th region; Baseline g -greenhouse gas emissions under the baseline of the g th gas; EC jk -land used in energy crop plantation; ResourceAvail k -resource available in region k; InputPurchase k -input purchased in region k; GHG g -amount of g th total emission.
The coefficients f ik , f jk , h ik , and h jk represent the resources and inputs usage associated with general crops and energy crops, respectively.
Model validation. This formulation should be verified before it is considered as an effective approach to efficiently depict the regional agricultural practice and associated resource allocations. Following Chen et al. 's (2011) approaches with an updated dataset, small deviations (less than 5%) of major agricultural and livestock product between simulation results and actual data are resulted, implying the proposed model should be reliable.
Study setup. This study is designed to answer the following questions. First, how may ethanol benefit society in terms of bioenergy production and emissions offset? Second, how will biofuel producers and farmers respond to the market operation? Third, how economic and environmental benefits from various production processes can be aggregated?
The base gasoline price is set on the ongoing market price of USD 0.94 per litre. To examine the potential effects in ethanol productions in the face of changes in gasoline prices, we set 4 additional price scenarios which reflecting the 10% and 20% increase and decrease in gasoline price. We then do similar settings for emission prices. The simulated prices are based on current fuel and emission prices. Scenarios A to E correspond to 5 different gasoline prices (from low to high), and each scenario is simulated under 10 emission prices.
Data. The data used in this study come from various sources and literature. The production data of agricultural activities are collected from: (i) Annual Statistics of Jiangxi Agriculture (ASJA 2016); (ii) Commodity Prices Statistics Monthly (CPSM 2016); and (iii) Statistics of Agricultural Prices and Costs Monthly of Jiangxi Province (SAPCM 2015) . The emission coefficients are collected from previous studies such as Chen et al. (2011) and Kung et al. (2013) . Most of the commodity data is updated as of 2016.
RESULTS AND DISCUSSION
Bioenergy production and discussion. Based on the mathematical programming model, we find that under current gasoline price and emission price, the net ethanol production is approximately 600 000 t (Table 1) . At low emission price scenarios, the results indicate the variance of biofuel production is relatively small, but when emission prices double to USD 10 per ton, the net production could increase by about 32 000 t or 5%. However, the expansion on ethanol production will increase by 5% when gasoline price increases by 20%, given the same emission price. Our results provide an important implication to the biofuel industry: the market responds more to the gasoline price than to the emission price, and thus the policies designed to promote biofuel industry must be focused more on the energy prices. The comprehensive simulation results are presented in Table S1 [ Table S1 in electronic supplementary material (ESM); for the supplementary material see the electronic version].
The results show that to fulfil the regulation of ethanol blend, Jiangxi province can produce up to 1.22 billion L of ethanol annually, of which 53% comes from the use of energy crops and 47% of total ethanol production relies on the use of crop residuals. The net ethanol production under various gasoline and emission price is displayed in Figure 2 . As indicated, when the gasoline price increases, more ethanol will be produced because energy crops will be planted in more area and the amount of crop residuals also increases. Since emission offset is the by-product from ethanol production that has value, ethanol production also inclines at higher emission prices. https://doi.org/10.17221/201/2019-AGRICECON potato production. The total cultivated area increases from 0.211 million ha to more than 0.226 million ha as gasoline prices increase from the lowest to highest levels, reflecting that at higher gasoline prices, more land with higher marginal production is converted to energy crop plantation. The same situation occurs The production patterns and emission consequences are relatively straightforward, but how about the social costs associated with biofuel production? The cultivated area for energy crops and associated government expenses under various market conditions are presented in Table 2 . More than 0.226 million ha are used in sweet when GHG prices increase. Therefore, if both ethanol and emissions prices increase simultaneously, the reduction of poplar production accelerates. The land-use change among energy crops is displayed in Figure 3 .
To ensure stable feedstock supply in bioenergy production, government subsidies may be an important economic incentive for farmers to be willing to participate in energy crop plantations. The study simulates potential government expenditure on crop subsidies for various market conditions, providing useful information on subsidy design and budget considerations. The results show that the total government expenditure on energy crops range from USD 195.8 million to USD 215.9 million. Moreover, gasoline prices, instead of emissions prices, have a larger influence on total subsidies. When gasoline prices increase, net subsidies can increase up to 10% but this increase is limited to 1% when emissions price increases. Table 3 presents the emissions offsets for different scenarios. It is obvious that when ethanol is the only bioenergy produced, the net emissions offset ranges from 120 000 t to 137 000 t. Generally, the emission Land use (1 000 ha) https://doi.org/10.17221/201/2019-AGRICECON reduction from energy crops and their residuals provide more than 88.3% of total reduction at low gasoline and emission prices, and when these prices increase, their contribution in terms of emission offset slightly increases to 89.7%. These scenarios suggest an important policy implication by showing the relationship between bioenergy development, residual utilisation, and climate change mitigation are usually positively related, and if the government should promote the use of cellulosic ethanol so that the net ethanol production can increase ranging from 85.64% to 89.32%. Table S2 present the emission consequences of bioenergy production under various gasoline and emission prices [ Table S2 in electronic supplementary material (ESM); for the supplementary material see the electronic version].
Since resource available is usually fixed in the short run, the potential change in resource used among sectors should be examined. Figure 4 shows the results of 6 major production inputs associated with agricultural ac- tivities. It is obvious that the total resource use generally decreases by 1.5% to 6% at low emission and gasoline prices. This result implies that resource-intensive but less profitable crops will be firstly displaced by energy crops. When gasoline prices and emission prices incline, more barren land would be converted into energy crop plantation, driving up the resource use. The constraint of total ethanol production is perceived due to the short-run availability of resources. From the simulation results, we show that the total land use is generally bounded at 0.226 million ha, implying that beyond this point the farmers facing higher production costs cannot make profits from selling commodities and residuals, thereby constraining the total ethanol production.
The result is useful to regional biofuel analysis. For example, Cao et al. (2017) indicate that pyrolysis can be an attractive technology to enhance regional electricity supply; however, their study does not point out how such a development could benefit transportation sector in the face of mandatory biofuel regulation. This study explicitly explores the policy effects on biofuel production with conjunctive utilisation of crop residues so that the competition between bioenergy production and food consumption can be examined. The results illustrate the biofuel potential from crop residues and provide insights of alternative bioenergy technologies to policy-makers.
POLICY IMPLICATION
Since the effectiveness of the biofuel application may be limited under certain real-world considerations, there is merit to discuss possible policy implications to provide more insights to policymakers.
Potential climate consequences. The results indicate that market power can greatly influence bioenergy production, assuming constant input supply. However, in the cases where this situation does not hold, the results may be biased. For example, climate change is considered to have substantial impacts on the environment such as temperature and precipitation, all of which may alter the stability of input supply via the changes in crop yields. Therefore, the government must take the potential climate impacts into account to achieve effective and efficient bioenergy development.
Market conditions. Energy and emission prices are key factors enhancing the participation of energy crop plantation and subsequent bioenergy production. Therefore, a floor price of these prices may be determined to guarantee the feedstock supply and bioen-ergy production; otherwise, the development goal may not be achieved.
Resource shifts. By comparing the results of different price scenarios, the resource allocated to the agricultural sector could fluctuate considerably. This could be either due to the changes in agricultural practice or the switch among land types. Since farmers are usually more sensitive to expected income, they are very likely to invest their resources in the most profitable cultivars, which are not necessarily the energy crops.
